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Abstract: The double-aging strengthening effect of the γ’ phase in 945A nickel-based alloy was
investigated. The double-aging treatment significantly improved the compressive yield stress. The
sample after 8 h aging at 725 ◦C and 96 h at 800 ◦C exhibited the highest compressive yield stress
of 1007 MPa, which greatly exceeded the original state of 229 MPa. The strengthening mechanism
is mainly attributed to the Orowan strengthening mechanism. After double-aging treatment, high
density γ’ phase precipitate was formed, which effectively improves the strength. The precipitate
behavior and the strengthening mechanism of γ’ phase precipitates were clarified in detail.

Keywords: 945A Ni-based alloy; double-aging; Orowan strengthening

1. Introduction

Nickel-based (Ni-based) alloys have attracted much attention due to their excellent ox-
idation resistance, corrosion resistance and mechanical properties under high temperature,
and are successfully applied in aero-engine blades, turbine discs, and combustion cham-
bers [1–5]. Such excellent performance of Ni-based alloys originates from the precipitation
at high temperatures (600–800 ◦C). The precipitations contain the γ’ and γ” phases, which
possess L12 and DO22 crystal structures, respectively [6,7].

According to previous research [8–11], the precipitation of the γ’ phase is stable and
enhances the mechanical properties. Li et al. [8] investigated the effect of the solution
cooling rate on the microstructure evolution and mechanical properties of Ni-based alloy
ATI 718Plus. As the solution cooling rate was reduced, the volume fraction of the primary
γ′ phase significantly increased, and thus improved the tensile strength and micro-hardness.
Saleem et al. [9] reported the aging behavior of the γ′ phase in the Ni-based alloys 954
and 945X. After aging treatment, γ’ phase precipitates with mean diameters of ~7 and
~10 nm were formed, and thus improved the tensile strength to 1100 MPa. The formation
of nano-scale precipitates after the aging process significantly improves the mechanical
property of Ni-based alloys. Therefore, the precipitation strengthening of the γ’ phase plays
an important role in optimizing the mechanical properties of Ni-based alloy. Regulating the
γ’ phase by aging treatment is expected to further improve the properties of Ni-based alloy.

For 945A Ni-based alloy, the alloying element content is higher than that of the
traditional 718 Ni-based alloy; the values are 53 wt.% and 47 wt.%, respectively [7]. The
higher alloying element contents of 945A Ni-based alloy yields better mechanical properties,
such as strength, ductility, and resistance to stress corrosion cracking. In addition, the
higher alloying element content is beneficial to the aging strengthening. Double-aging
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treatment is widely used in other materials and yields a good precipitation strengthening
effect [12–14]. In addition, the application fields of Ni-based alloys are usually accompanied
by temperature changes, which also make the study of the effect of the double-aging on
Ni-based alloys more meaningful [15–17].

In this paper, a double-aging treatment applied to the newly developed 945A Ni-based
alloy was carried out. The variation in the microstructure evolution and mechanical
properties were investigated. The precipitate behavior and the strengthening mechanism
of γ’ phase precipitates were clarified in detail.

2. Materials and Methods

The newly developed 945A Ni-based alloy was composed of Fe, Cr, Nb, Mo, Cu, Ti,
Mn, and Al, and other impure elements. The ingot was fabricated by the vacuum induction
melting plus electroslag remelting duplex smelting process. The size of the as-cast ingot
was 160 mm in diameter and 100 mm in height. An X-ray fluorescence spectrometer (XRF,
800CCDE, Shimadzu Corporation, Shimadzu, Japan) was employed to detect the chemical
composition of the ingot. The result is shown in Table 1. After the casting process, the ingot
was deformed to a bar having a diameter of 16 mm by the plastic processes, which were
combined with forging and rolling. The beginning temperature of the forging process was
1160 ◦C, and the finished temperature was 950 ◦C. After forging, the ingot was formed into
a cuboid having a cross-section size of 40 mm × 40 mm. The following rolling process was
also conducted at 1160 ◦C, and finished at 950 ◦C. After rolling, a bar having a diameter of
16 mm was obtained. To achieve a good aging effect, the bar was homogenized at 1060 ◦C
for 1 h and then water quenched.

Table 1. The chemical composition of the 945A Ni-based alloy.

Alloy Fe Cr Nb Mo Cu Ti Mn Al Other Ni

945A Ni-based alloy 18.3 21.7 4.0 3.6 1.8 1.0 0.5 0.5 0.3 48.3

The double-aging treatment of the fabricated bar was performed in a resistance furnace.
The schematic diagram of the double-aging treatment is shown in Figure 1. Samples were
heated to 725 ◦C, and then aged for 8 h. After the first aging, the temperature was increased
to 800 ◦C. To investigate the effect of double-aging treatment on the 945A Ni-based alloy, the
samples were aged at 800 ◦C for various times. The related parameters are listed in the Table 2.
The samples held for 6, 12, 24, 48, and 96 h are denoted as 1#, 2#, 3#, 4#, and 5#, respectively.
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Table 2. Parameters of the double-aging treatment on the 945A Ni-based alloy.

Sample Number
Double-Aging Parameters

First Second

0# None None
1#

725 ◦C for 8 h

800 ◦C for 6 h
2# 800 ◦C for 12 h
3# 800 ◦C for 24 h
4# 800 ◦C for 48 h
5# 800 ◦C for 96 h

The microstructures of the 945A Ni-based alloy were analyzed by transmission elec-
tron microscopy (TEM, Philips TECNAI 20, Santa Clara, CA, USA). Samples for TEM
testing were mechanical polished using SiC paper to 50 µm, and then thinned using an
argon ion thinning machine (PIPS II 695, Gatan, Pleasanton, CA, USA). To identify the
precipitates, the High-Angle Annular Dark Field Scan TEM (HAADF-STEM), Energy Dis-
persive Spectroscopy (EDS) mapping, and Selected Area Diffraction (SAD) were adopted.
The acceleration voltage of the TEM test was 200 kV. The related high-resolution TEM
(HR-TEM) data and geometric phase analysis (GPA) were conducted on the Digital Mi-
crograph software (DM, Version 3, Ganta, PA, USA). The mechanical properties were
evaluated by the compressive test. The tests were performed on the CMT6305-300KN
electronic universal testing machine (Skyan power equipment Ltd., Shenzhen, China) at
room temperature. The sample size was 6 mm in diameter and 9 mm in height. The test
strain rate was 1 × 10−3, and the samples for each double-aging condition were tested
three times to ensure accuracy.

3. Results

Figure 2 shows the bright-field images of the wrought 945A Ni-based alloy after
homogenization treatment. A few second phase particles can be observed on the matrix
as shown in Figure 2a. From the magnified image of Figure 2b, the particle takes on a
lumpy form. This second phase cannot dissolve into the matrix at a high temperature of
1160 ◦C, which indicates that this second phase is a high temperature stable phase. In
Ni-based alloys, such a second phase is generally considered to be a kind of carbide [18].
In addition, many dislocations were observed in the matrix as shown in Figure 2c. These
residual dislocations are supposed to be beneficial to the following aging treatment, in
which precipitates tend to occur at defects [19,20].
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To further identify the undissolved particles, HAADF-STEM and EDS mapping were
performed on the 945A Ni-based alloy after homogenization treatment. The results are
shown in Figure 3. The particles are concentrated by the Ti, Nb, and C elements, which
confirm that the particles are carbides. According to the literature [3,4], these carbides in the
Ni-based alloy usually contain Ti, Nb, Ta, and V elements, denoted as MC type compounds.
Combining Figures 1 and 2, only the carbides can be observed in the matrix, indicating that
there was no precipitation behavior before aging treatment.
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Figure 3. HAADF-STM image of the 945A Ni-based alloy and the related EDS mapping results,
the first figure is the HAADF image, element distribution image and the independent element
distribution images of Ni, Fe, Cr, Ti, Nb and C, respectively.

Figure 4 shows the engineering stress–strain curves and the comparison diagram
of compressive yield stress between the presented double-aging samples and previously
directed aging samples [21]. From the engineering stress–strain curves in Figure 4a, the
compressive yield stress increases with the increment of the double-aging time. Compared
with the original state, the compressive yield stress of all the double-aging processed
samples is much higher than that of the original sample. From the data comparison, the
stress of the double-aging processed samples increases by 778 MPa compared to the original
state, whereas the improvement in the compressive yield stress by the double-aging process
in this study exceeds that of the previous directed-aging at 725 ◦C [21], even at the same
aging time. The 5# sample presents the best compressive yield stress of 1007 MPa, which is
778 MPa higher than that of the original state.

Figure 5 shows the bright-field and dark-field TEM images of the 5# sample. From the
bright-field and dark-field TEM images in Figure 5a,b, a large fraction of precipitates can be
observed in the matrix. The magnified image in Figure 5c illustrates that the morphology
of the precipitates presents an ellipse. The particle size is about 50 nm, and the size of the
interspace between each precipitate is about 20 nm. To determine the orientation relationship
between the precipitated phase and the matrix, the SAD result is shown in Figure 5d. From the
SAD results, the γ’ phase with a face-centered cubic can be identified, in which a = 0.361 nm.
The (131) plane of the γ’ phase is parallel to the (111) planes of the matrix.
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To further identify the chemical composition of the precipitates, HAADF-STEM and
EDS mapping analysis were undertaken. The related results of the 5# sample are presented
in Figure 6. These precipitates are composed of the Ni, Ti, Nb, and Al elements. According
to the literature [22–24], the precipitates in the Ni-based alloy with such alloying elements
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are the γ’ phase, which is proved to be Ni3(Al, Ti, Nb). The large fraction of the γ’ phase
enhances the mechanical properties.
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4. Discussion

After the double-aging treatment, a large fraction of γ’ phase precipitates is formed.
The precipitates can inhibit the dislocation motion during the plastic deformation, and
thus enhance the mechanical properties. Therefore, further analysis of the formation of the
γ’ phase during the double-aging treatment and the strengthening mechanism is needed.

4.1. γ’ Phase Evolution during the Double-Aging Treatment

The precipitate behavior of the γ’ phase during the double-aging treatment can be
divided into two parts. One is the formation of the γ’ phase precipitates in the first
aging process, and the other is the particle growth during the second aging process. For
the wrought alloys, such as Mg alloy [25,26] and Al alloy [27,28], the precipitates that
occur at defects have been widely studied. It has been noted that the atomic segregation
tends to occur on the defects, such as dislocation lines, stacking faults, twinning, and
sub-grain boundaries [29]. The defect-induced precipitation can promote the effect of aging
strengthening. In this work, the dislocations are still maintained after homogenization as
shown in Figure 2. These residual dislocations may be the second phase nuclei sites, and
the uniform dislocations contribute to the formation of γ’ phase precipitates.

To clarify the formation of the γ’ phase precipitates in the first aging process, the
TEM morphology of the γ’ phase precipitates after the first aging process is presented
in Figure 7. After aging at 725 ◦C for 8 h, a large fraction of fine γ’ phase precipitates is
formed. From the HRTEM image in Figure 7b, particles having a size of ~8 nm can be found,
which exhibit distinct lattice fringes. In addition, under the aging temperature, the solute
atoms are supersaturated. According to the spinodal decomposition-like mechanism [30],
the supersaturated solid solution spontaneously decomposes into continuous long-range
composition fluctuation and forms a new phase of inhomogeneous solid solution. Normally,
spinodal decomposition is a process of decreasing free energy. In this process, after the
second phase is precipitated, the energy in the system is reduced, making the system reach
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the equilibrium state at a certain temperature. The appearance of defects will increase the
energy of the system, which can promote the occurrence of spinodal decomposition, and
then generate more and faster new phase nuclei.
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After numerous nucleation of the γ’ phase precipitates, further precipitation and
growth of the second phase occur during the following aging treatment. The precipitation
and growth of the γ’ phase increases the fraction of the γ’ phase, which can be estimated
by the classical JMAKE equation [31]:

Fr(t) = 1− exp(−kt)n (1)

where Fr is the reacted fraction of the γ’ phase, k incorporates the rates of nucleation and
growth of the γ’ phase, n is associated with the geometric shape of the γ’ phase, known
as the Avrami exponent (which can be a non-integer value), and t is the aging time. In
this study, the nuclei rate, the geometric shape, and the aging time of the γ’ phase are the
same in the first aging treatment. In the second aging process, the aging time increases.
Comparing Figures 5 and 7, the particle size of the first aging is ~8 nm, whereas that of the
second aging is ~50 nm. The area fraction of the particles in Figure 5 is 56.3%, whereas it is
14.6% in Figure 7. With the increment in the aging time, the γ’ phase becomes significantly
coarser. The coarsening phenomenon remarkably improves the fraction of the γ’ phase in
the matrix.

4.2. Strengthening Mechanism of the γ’ Phase

After the double-aging treatment, the fraction of the γ’ phase is improved, which
enhances the mechanical properties. Compared with the original state, the improvement
in the compressive yield stress of the 5# sample that was double-aged for 96 h was more
than 700 MPa, and the compressive yield stress of the 5# sample reached 1007 MPa. This
improvement is better than that of direct-aging. The strengthening mechanism can be
estimated by the Orowan relationship [32]:

τOrowan =

(
Gb

2π
√

1− v

)(
1
λ

)
log

(
Dp

r0

)
(2)

where τOrowan is the Orowan stress strengthening by the γ’ phase, G is the shear modulus,
b is the Burgers vector, v is the Poison ratio, λ is the particle spacing, Dp is the mean
planar diameter of the particle, and r0 is the dislocation core radius. Figure 4 shows that
the size of the particle is about 50 nm, and the interspace between each precipitate is
about 20 nm. The improvement in the precipitate size and the decrease in the precipitate
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interspace increases the Orowan stress strengthening effect. With the increment of the aging
time, the compressive yield stress is significantly enhanced. Compared with the previous
direct-aging treatment [21], the volume fraction of the γ’ phase is improved, and the
interspace between each precipitate is reduced. This enhances the Orowan strengthening
effect, which results in higher yield stress. According to the response of the mechanical
properties, the yield stresses of the direct-aged sample and double-aged sample are 809 and
864 MPa, respectively. Compared with the original state, the improvement is 580 and 635 MPa,
respectively. The double-aged strengthening effect of the Orowan strengthening mechanism of
double-aging treatment is better than that of directed aging treatment. Therefore, the samples
after double-aging treatment exhibit higher yield stress than that after direct-aging treatment.

In order to intuitively see this Orowan strengthening effect, the TEM observation was
undertaken for a 5# sample with 20% compressive strain. The results are shown in Figure 8.
From Figure 8a, dislocation walls are clearly observed around the γ’ phase, as marked by
the arrows. This suggests that these γ’ phase precipitates can effectively inhibit dislocation
motion, forming a large number of black dislocation plug areas. Further magnification of
the image to form the HRTEM image is shown in Figure 8b. The Fast Fourier Transform
diagram shows that the orientation of the γ’ phase is consistent with that of the results in
Figure 5, which illustrates that the (131) plane of the precipitates is parallel to the (111) planes
of the matrix. The matrix lattice distortion near the second phase was analyzed by the GPA
method in the DM software. It was found that there are a large number of strain fields in
the matrix near the second phase, but there is no strain in the second phase. This indicates a
typical dislocation bypass mechanism, also known as the Orowan strengthening mechanism.
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5. Conclusions

This study investigated the effect of double-aging treatments on the 945A Ni-based al-
loys. The precipitate behavior and the strengthening mechanism of the γ’ phase precipitates
were clarified. The main conclusions are listed below:

(1) The double-aging treatment significantly improves the compressive yield stress. The
5# sample exhibits the highest compressive yield stress of 1007 MPa, which exceeded
that of the original state of 229 MPa.

(2) With the increment in the double-aging time, the size of the γ’ phase particle improves,
and the interspace is reduced. The γ’ phase particle size of the 5# sample is about
50 nm, and the interspace between each precipitate is about 20 nm.

(3) The high density of the γ’ phase is attributed to the formation of many fine γ’ phase
nucleation points in the first aging process. In addition, the increased system energy
caused by the defects potentially promotes the occurrence of a spinodal decomposition
mechanism, which can generate more and faster new phase nuclei.

(4) The strengthening mechanism is mainly attributed to the Orowan strengthening
mechanism. After double-aging treatment, a high density of the γ’ phase precipi-
tates occurs, which effectively improves the strength. This strengthening effect of
double-aging treatment is better than that of direct aging.
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